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THERMAL DISSOCIATION OF BASIC AMMONIUM ALUMINUM SULPHATE.
I1, MEASUREMENTS OF THE DECOMPOSITION RATE AND
ATTEMPT TO EXPLAIN THE REACTION MECHANISM

Stanislaw Bretsznajder and Janusz Pysiak
Department of Technological Planning, Warsaw Polytechnic School

ABSTRACT. The thermal dissociation rate of basic ammonium alu-
minumsulphate and partially decomposed preparations was studied. It
was found that at temperatures of 300-400° C, the dehydration of the
compound occurs in the kinetic range. At temperatures of 400-470°C
(H20 and NH3 being driven off), the dissociation occurs in the dif-
fusion range, and a further temperature rise (470-540°C) causes the
reaction to pass to the kinetic range. Decomposition of the prepa-
ration from which Ho0 and NH3 have been removed takes place at tem-
peratures of 780-860°C in the diffusion range. Above 860°C (up to
900°C), the kinetics determine the overall decomposition rate. The
values of the apparent activation energies of certain steps of the
dissociation are: at 470-540°C, 32.7; at 780-860°C, 45.7, and at
860-900°C, 63.0 kcal per mole.

STATUS OF THE PROBLEM /137%

Thus far, the thermal dissociation kinetics of basic ammonium aluminum
sulphate have been discussed in only one paper (1). The authors studied the
kinetics of decomposition in a fluidized bed by determining the temperatures
of the successive stages of calcination (the temperature of the fluidization
oven being slowly raised), the degree of calcination of the starting material
as a function of time (and at a given temperature of the oven), the rate of /138
removal of ammonia at 403°C, and the change in the decomposition rate of the
basic ammonium aluminum sulphate at a given temperature,

The kinetics and mechanism of thermal dissociation of the compound are
unknown, The temperature dependence of the reaction rate and the mechanism
of the process of separation of water, ammonia and sulphur trioxide are factors
which determine the method of decomposition under industrial conditions.

The purpose of the present study was to determine the reaction rate of
thermal dissociation of basic ammonium aluminum sulfate at atmospheric pressure
in the 300-900°C range on the basis of earlier studies of the decomposition
stages (2). The kinetic data obtained formed the basis for the elucidation
of the mechanism of separation of water, ammonia and sulphur trioxide at dif-
ferent temperatures,

*Numbers in the margin indicate pagination in the foreign text.



EXPERIMENTAL METHOD
The study of the decomposition rate was carried out gravimetrically (2).

Samples of basic ammonium aluminum sulphateand samples of partially de-
composed preparations were placed in a platinum crucible and introduced into
the constant temperature zone of an oven preheated to the temperature of the
measurement. The temperature of the measurement chamber of the oven was mea-
sured with a PtRh-Pt thermocouple, The temperature was controlled to within
+1°C, The results of measurements of change in the weight of the sample as a
function of the decomposition time were obtained in the form of tracings on
paper tape,

The kinetic studies included three series of experiments:

1. Measurements of the decomposition rate of basic ammonium aluminum
sulphate inthe 300-540°C range.

11, Measurements of the decomposition rate of the partially dehydrated
compound as a result of preliminary calcination for 8 hours at 320°C. These
measurements were made at 430-540°C,

I1I, Measurements of the decomposition rate of the compound initially de-
composed for 8 hours at 540°C, The measurements were made at 750-900°C.

Chemical analyses of basic ammonium aluminum sulphate studied in series I
of the measurements show the following contents,

Al904 34,30-35,05%

S03 41,39-42,07%
NH3 3,17- 3.25%
Hp0 19.63-21,11%

In series II1 of the measurements, & preparation of the composition Al303-
36.44%, S03 - 43,83% and NH3 - 3.2% was studied. The chemical composition of /139
the preparation thus obtained corresponded approximately to the formula:

(), ),0+341504+LS03 *6150,

A

and the loss of about 4.,5% of the weight indicated the removal of two water
molecules.

The preparation studied in series III of the measurements had the follow-
ing composition: Alp03,44.05%; S03,53.17% and NH3)0.06%, which corresponded
approximately to the overall formula:

3A1,03.4505

(and hence almost completely devoid of ammonia and water). The preparation



consisted of a mixture of anhydrous aluminum sulphate of the low-temperature
modification of 5~A1203 having a partially preserved alunite structure (2),.

RESULTS

Tables la and 1b and Figure 1 show the results of measurements of the de-
composition rates of basic ammonium aluminum sulphate The results of the cal-
culations contained in the tables are given in Figs, 2 and 3.

Table la. Results of Measurements at 350-540°C (I Series)

T

o Temperature] 340°C : Temperatur® 400°C
v [ f !
Inin. : 3 - t ; :
i Wy 1—Y1—a | L We il 1—vV1—« 1 Iy
——— : i ! '
25 0,7838 0,158 | 10,0632  0,7780 | 0,190  0,078%
5 BECAYET ! 0,341 | 0,0682 ; 0,7677 | 03 ¢ 0,0727
7,5 0,7701 | 0,423 ' 0,0564 | 0,7622 0,478 0,005
1o 0,7665 j 0,545 [ 0,0545 | 0,7377 0,696 0,0656
12,5 00,9637 1 0,738 | 0,0591 | 0,736+ - —
15 L0,7630 | - | - - — —

{ Kige = 0,0602 o . = v,0713
mean:error I 7,139, MmeAn error 6,25 9/,
mdximugnﬁiﬁ‘dr 1‘;?,‘ | maximum eror

3 % \ o 10,5 %

In the second series of measurements (Tables 2a and 2b and Fig. 4), the
thermal dissociation rate of previously dehydrated basic ammonium aluminum
sulphate was determined. The results of calculations contained in Tables 2a
and 2b are shown in Figs. 5 and 6, and the temperature dependence of the re-
action rate constant obtained is shown in Fig, 7.

The results of measurements of the thermal dissociation rate of the prep-
aration studied in series III of the measurements are given in Tables 3a and
3b and in Fig, 8. Figures 9 and 10 show results of calculations contained in
Tables 3a and 3b. The temperature dependence of the rate constants ki and ko

are shown in Fig, 11.

DISCUSSION AND CONCLUSIONS /142

The experimental results were processed by using the relations:

. - -

1—V1—g = b, 1
' 3 -

1—‘/1——a ESS 7;2}/1, (2)
l—a = exp(—kt), 3)

where « is the degree of conversion, T is the time, k], k2 and k3 are the re-
action rate constants, and n is a constant.
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Equation 1, given by Spencer and Topley (3), (14), describes the rate of
displacement of the substrate-product solid interface (reaction boundary) in
the kinetic range of the reaction. Equation 2, cited by Pavluchenko (5), de-
scribes the rate of displacement of the substrate-product solid interface in
the diffusion range of the reaction. Equation 2 is valid of the process takes
place in a semi-infinite or infinite space and is associated with an irrevers-
ible chemical reaction. If the diffusion space cannot be approximately con-
sidered semi-infinite (or infinite), the power exponent of T can take different
values in the range from 0.5 to 1 (6).
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Figure 1. Results of experiments at temperatures 300-540°C
(I series of measurements); decomposition of
basic ammonium aluminum sulphate.
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| VR quation 3 was derived by Avrami
Q7f ' (7), (8), Kolmogorov (9) and Yerofeyev
i (10) for reactions proceeding in the !
‘ - range of formation of nuclei of the
06 new phase. This equation is identi-
cal in form to that obtained empiri-
cally by Kazayev (11) and used for
'45%~_ ] describing various reactions.
| _
According to Roginskiy and Todes
04 (12), from an equation of the general
type of relation (3), a first-order re-
’ action rate equation (n = 1) is obtained
63! when the rate of constant of the reac-
'j i tion, as a result of which the reacting
i 3 surface moves into the body of the
OZL——Q ] crystal, is much greater than the rate
| , of formation of nuclei of the new phase.
/ ‘ According to Kazayev (11), n 1is close
Jﬁ ZZL ! or equal to 0.5 if the process takes
ol i L
f:/ ‘ Table 2a. Results of measuremacunis wt 430°C
% 3 ,'9 || T ..
T {mir, nin. Vr ; Wy i— /A —a Ip
: i 1
: - 1 T
, 5 { 2,23 0,7565 [TV IO P 0,017
Figure 2. Displacement rate of (I A 06,7529 ) g GL0L68
the substrate-product solid in- 10 [ Bl6 0,781 | Gwdv 0,0158
terface in the kinetic range of R 07756 | 3T 06,0161
reaction; decomposition of basic I kur;:OOLS

ammonium aluminum sulphate,
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Figure 3. Values of constants k3 and empirical dependence of k3 on

temperature; decomposition of basic ammonium aluminum sulphate.
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* Table 2h. Resuils of measurements ur temporatures ¢470-540°C (il series)

\ Temperatura 470°C E Temperaiura 495°C ‘ Temperatura 54270
T : Temperature ; Temperature i Temperature
win. | 3 | | i Sy—— 4 R b
I we | 1—y1—a ’ k I W l 1-Y/1—«a : B e }1—}/1—(1'}‘ wy ‘
i ! . i i i !
5 10,7830 GO48 000860 07792 0,036 wollZh (T 6111 ! 06,6223
10 10,7765 [VRVIvES L0001 0,T050 103 G,0003 G,0.20 3,300 | 0,6300
15 ¢ 0,7692 G050 0,0057§ 0,750+ . NR-Y 0,0005 ;0 0,6843 . 0,515 ’ 0,0343
20 P 07633 0,104 0,00521 06,7396 0,187 , 0,0004, 0,673, 0,693 | 0,0346
95 10,7560 0,125 10,0051 0,7311% 222 0,0089 0,6694  — | —
30 | ' ‘ 10,7243 0,251 0,008 ! :
35 | \ . 50,7173‘5 0,277 ‘0,0079‘: , !
b i
Y T = 0,0056 | lryge = 0,0001 ‘ birge = 0,0350
ean error Y 8,05 9/, ; mwean error 7,19/, Ny mean error 6,3 ¢/,
0'82i : 1
s | | | | | | ]
N ! 2 * % |
= : i ! | ;
! i
H i
{
|
X

072 : :
\i 7\3_\ .
i 47270
{
470 1 i ) ‘ | ‘ |
’\; :
063 ] \\ “ | ;
\"(\x—- 542°C
| ! i
055 1 : ; 7
| | |
| : '
l , i :
054 i ‘ : ’ :
0 5 10 15 2 25 30 35 T¢min)

Figure 4., Results of experiments at 400-540°C (I1 series of measurements);
decomposition of previously dehydrated basic ammonium aluminum sulphate.
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iy é place in the diffusion range. Other re-
NG i j searchers (5) found that when n = 0,63,
005 774§T_J equation (3) becomes a second-order
430°C

‘ reaction-rate equation.

' | Equation 1 was used to process the
///}//4 ; Pt results of measurements of the dissoci-
§ i 1 ation rate of basic ammonium aluminum
} [ sulphate carried out at 340 and 400°C

(Table 1la), while the experiments car-
ried out 455, 498, 520 and 540°C were

L ORUE . S

0“3/ | | ‘ processed by means of equation 3 con-
20 25 30 25 r verted into the form:
Wy == WeexP (— k7)),

.Figure 5, Displacement rate of * I

the substrate-product solid in- where w,} is the weight of the sample
terface in the diffusion range after the time elapsed, and ¥, is the
of the reaction; decomposition initial weight of the sample.

of previously dehydrated basic

ammonium aluminum sulphate, The power exponent n was taken (on

) the basis of experiments) as 0.5 (Table
1b).

The agreement of the value of n with that given by Kazayev for reactions
occurring in the diffusion range is undoubtedly accidental.

The results of the calculations adequately satisfy the proposed empirical
dependence (3), However, a steady although slight decrease of the values of
.constants k3 with time is observed. On the basis of calculations carried out
in accordance with o (3), the apparent activation energy was determined
to be 8.7 kcal per mole, and the temperature dependence of constant k3 and of
the reaction rate were found to be:

" o [ §,6-10%
by = 7,52 exP| — ———— '
3 9= 1\ =T )’ l
f
. ) 8,6:10%
‘1”1 ‘_u.._vuoexp(——ﬂ320 BT VFS,

‘ where T is the temperature in °K and R is the gas constant,
- Both empirical relations were fulfilled in the 450-540°C range,

In order to eliminate the effect of the separation of water in the first
stage of the decomposition (at temperatures up to 320°C), measurements were
- made on the dissociation rate of basic ammonium aluminum sulphate subjected
to a preliminary dehydration, B

. Values of kj closest to constant ones were obtained when the caluclations
& of the results of the experiments carried out at 470, 495 and 542°C were made
by using relation (1) Table 2b), and those of the experiment carried out at
430°C, by means of equation (2) Table 2a),

-

8



On the basis of results of the experiments cited above, one can conclude
that the course of the thermal dissociation of basic ammonium aluminum sul-
phate in the 300-540°C temperature range occurs as follows:

At 300-400°C, the overall dissociation rate of the compound is determined
by the rate of the ™emical reaction occurring according to the equation:

[145

. o _./,:\'g:’._ r : - ~ -
(Nilg)fC 5AL0, 150, 81L,0 — » 21,0+ (N1,),0-3A1,0,- 450, 610 .
P LR B e ] -~ .

Starting-;t about 400°C, the joint evolution of the remaining amount of
water and ammonia begins. At 400-470°C, the reaction proceeds in the diffu-
%ionjfhhgel This is indicated by the results of calculations shown in Tables

" 2aénd Ff%.;S. The ‘average error in the value of the rate constant of the

process“kz'aﬁounts to 2.75% (maximum error 3.7%), and consequently the pro-
posed equation of the diffusion kinetics is fulfilled fairly closely, indi-
cating that the factor exerting an inhibiting effect on the course of the

reaction is the diffusion of the gaseous reaction products through the grow-
ing layer of the solid product.
o

¢
¥R
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_ A further temperature increase causes the process of removal of ammonia .
atl water to shift from the diffusion range to the kinetic range, and the re- -
sults of experiments carried out at temperatures above 470°C adequately fulfill,
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equation (1), which is valid for the kinetic range. Resistances to diffusion
no longer have a distinctly inhibiting effect on the course of the process,
probably because the decomposition pressure of the system substantially ex-
ceeds the external pressure,

The experiments showed (see Fig, 4) that the decomposition rate of pre-
viously dehydrated basic ammonium aluminum sulphate is moderate at first. As
the reaction proceeds, it increases, goes through a maximum and decreases
again,

This frequently observed phenomenon results from a gradual increase in
the surface of contact of the two solid phases as the reaction proceeds. The
observed maximum of the dissociation rate probably occurs when the magnitude
of the contact surface between the phases is greatest, i.e., when the entire
surface of the substrate is covered with a layer of solid product. This as-
sumption is confirmed by calculations given as an example in Table 4. The
high values of constants k; in the initial period of the experiment indicate
the formation of new reaction centers (nuclei of the new phase), this being
associated with an increase in the contact surface of the solid phases on
which most of the reaction takes place, and hence, with an increase of the
decomposition rate.

On the basis of the experiments carried out at 470, 495 and 542°C (par-
tially dehydrated basic ammonium aluminum sulphate, Table 2b) the value of the
apparent activation of energy was determined to be 32.7 kcal per mole. This
value being known, the temperature dependence of the reaction rate constant

was determined:
- [ 1G53
k1==3;78'10‘exv{——ﬁ317"fl)
f,‘

L

The temperature dependence of the reaction rate was also determined:

/ s ( 16,33-10%
Y, —_ . ! N —_— e
l—a =1,78-10"exp T
i /
Table 3a. Results of measuremon.s o1 temporatures 750-50 "0 (31T sories)

<

Tewmperaiura 784 C ' T Taipdatuwa 835°C

»

vin_erabura 815

|
T : /- ! Temperature j Teamperature i Te Salure
mwin, ¥z 1 ; i ‘ N ,‘ ; ) :'
' : we V1= 1 Ty Wy | 1-Yi—a : Ly - 1l 1__%;/;_“_; Iy
‘ i | ', ! \ {
20 14,47 } } ; { 10,2510 0,278 0,0023
25 15,00 Lo ! fo,z;: 0,275 00,0547 0,2388 0,32 10,0552
30 15,47 P 0,242 0,511 :G,6508 1 6,22111 0,363 9.0T716
35 15,010 0,2855 0 0,175 10,0301 2351 0,35y 0,6808 0,2057 1 0,438 0,775
40 [f,az 0,2795 | 0,195 | 0,0300 | 0,2185 0,406 9,0043 G,1uuT 0,517 [0,0810
45 16, 70l 0,37241 0,213 10,0518 0,2109 ¢ 0,446 ‘ 0,0666 | | 0,i43% 0,550 ‘0,0822
50 .7,0.;‘0,:074: 0,227 10,0321 0,2057 0,477 | 0,0074) ;
55 11,41 02015 0,245 | 0,0331 0,201l 0,50 ' 0,0087 :
60 17,74, 0,2571{ 0,255 | 0,033 0,1993 0,521 . 0,0674 e
kag = 0,0319 Fapge = 0,0085 { Jip = 0,073
" blad Sredni < 439, blad Sredni 43 9, . blad Sredni 2210 %
niean orron : inedall. error ) ‘ mean ¢rrov

10
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Tablo 2.

Resuits of measurciients at temperatures 750-400°C (311 sevies)

Temperatura 860°C Temperatura 836°C
e

I
|
{

J
z Temperature | Temperature o
! min , } i |
Wy E 1—-‘,/1—a } Y : ws '| 1—:?/1—(; ! &y
i I
2.5 I ] ! Ooenno j a1t a0
2 . | ) & ) &f,g.y»,u ] 0,151 00,0604
5 1 0,283 o 0,200 | 0,000 * G, 2400 0,284 0,050
7,0 [ 0,2574 ‘ G,258 : G,0504 % I 0,2125 0,436 00,0531
10 i 0,242 i 06,307 0,.07 U,1910 0,586 - 0,6586
) 125 0,2211 | 0,393 0315 0,1821 0,716 | G,0477* |
15 02004 0572 0315 60,1778 — L -
17,5 0,166 | - 0,542 | 6,330 P |
20 01880 | 0,627 | 05| | |
ol T = 0,0312 oL i = 0,0585
moan Gror 0.95%/, ! mean error SRR
o maximum error 1.6 { maximuIn error 5.2/,

il e N

Both relations are wvalid in the 470-540°C range.

Equations (1) and (2) were used to process the results of experiments on
the decomposition rate of the preparation studied in serles IT11 of the experi-

ments,
(1) very closely.
maximum error is

Results of experiments carried out at 860 and 896°C satisfy relation

The average relative error does not exceed 1.75%, and the

+3.27%.

) 7
f:\ i
<
=3 |
t
6,35 f
!
0,30 }
0,25 . 284°C
920 i _
1 TEi5°C \
| | ! o
I8 : ' ! : ]
0 70 20 30 Y 56 50 T(min
Figure 8, Results of measurements at 750-900°C (III series); decom-

position of preparation of the formula 3A1703.4502.

11
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From the calculations collected in Table 3b it may be concluded that the
decomposition at 860 and 896°C takes place in the kinetic range. Resistances
to diffusion did not have a distinct effect on the course of the reaction,
probably because at high temperatures the decomposition pressure of the system
substantially exceeds the external pressure, At the same time, the system 1is
far below the melting point of Al203, and the lack of sintering of the solid
reaction product facilitates the diffusion of gaseous products.

During the dissociation of preparation III at 784, 815 and 833°C, the
superposition of several processes is observed. Table 5 illustrates the
values of constants k; and ko calculated according to relations (1) and (2)
for 8159cC.

The high values of k; in the initial period of the dissociation indicate
formation of new reaction centers; this is undoubtedly the period during which
nuclei of the new phase are formed. The succeeding values of kj decrease
slowly, and hence the reaction takes place mainly on the contact surface of |
the phases in accordance with equation (1).

Results of experiments carried out at 784, 815 and 833°C were processed
by means of equation (2)., The calculations indicate a constancy of the values
of ko within £5%, and only for the temperature of 833°C does ko change over
wider limits (+10%).

The satisfactory constancy of the values of kg calculated from equation
(2) indicates that the factor retarding the reaction at temperatures below

'8 ] ~«%9» 860°C is the phenomenon of diffusion
= | &15°c of gaseous decomposition products
A ! x/// ' through the layer of grains of the
¢5 ; solid reaction product (Al903), which
f -ﬂ grows on the surface of the dissociat-
| | //w 7 j ing substrate,
04 —— :
i ;// L | ] However, diffusion probably is not
§ : ﬁ//é % 1 a process much slower than the kinetic
63 /T 5 ; process, i.e., than the dissociation,
7/ 5 ; s /#/QKM°C and for this reason a slow increase of
Ve ! ;
, ; L ko was observed.
02 5 T
,;?/F | The values of the apparent activa-
| i _ tion energy for the diffusion and ki-
| i netic range of the reaction are respec-
4 5 6 7 8 ted tively 45.7 and 63.0 kcal per mole and
Figure 9, Displacement rate of the characterized the temperature depend-
substrate-product solid interface ence of the reaction rate constant,
in the diffusion range of the reac-
tion; decomposition of preparation The following values were found:
of the formula 3A1503.4503. for the diffusion range (780-860°C):
. 99 §.10%
ky =1,18-107exp _ 229100
T |
and ,

12
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and DD (}.ios\ - '
3 -y ¥ ’
1—V1—ua = 1,18-107cxpl\— ’,/, i

/151
and for the kinetic range (860-900°C):

3% 5,108
k= 3,86'101“@‘};1-, {_ D 1y0) 10)
’ \

1
i

and

™~
=
w
N

[ 31,3-30% j
— "T

\\ T / -5

3
1—/1—a = 3,86-10"exp

The relatively minor difference in the values of apparent activation
energies obtained indicates that the range of the course of the reaction de-
scribed by diffusion equation 2 is actually a transition range.

| 5 \ ~
q&\ ) §96°¢ } | “Q',r :
< | f i \
L ; sli “\ !
:\ i ' ' \ 1
97 Ly |-y 860°C 08, - — : ;
{/ !/ &\ A difiusi?n
r 4
y ; range
06 \ Ane

05 S -
| | \, \

o
: : } 041 "
03 e S i ; ; o X kinetii'c
- C/ | ! ; | range
i “ [
02t —lof ‘ ‘ | : ! i
2 1 ,
S ; 2 :
] | A i
L / | A |
971 ‘ : : : :
¥ ‘ P 01 “l\ |
/A ) o { |
0;‘7 .‘ o 0 T i‘ ‘ J i
0 26 (min) o G 6w 0% qfwlp |
Figure 10, Displacement rate of ' Figufe 11. Deﬁendenéé of reaction rate
the solid interface substrate-- constants kj ‘and kg on the temperature
product in the kinetic reaction in diffusional and kinetic reaction
range; decomposition of prepara- range; decomposition of preparation of
tion of the formula-3A1203.4803. .. the formula 3A1203,4503.

The value of the app;renfiactivatioﬂ’ehg;é; found for the kinetic;géﬁge;;’

(63.0 kcal per mole) is much lower than the value of the heat of reactionz)/

calculated from thermomechanical data (87.56 kcal per mole). A
ToTLln - e ’ 13
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Table 4. Values of tho reaction rate constants calelate. 2000TWRZ L0 LOFLTLER (1) and {

Ist decoruposition ule

25 i 30 ‘ 35. !
i
1

430 | Fuo ] 0.00704 0,0061 L,0650  0,0066 7 _ 1 _ . _ 1 i
Ul m 10,0157 0,668 | 0,0158  0,0181 ;
i : » : i - _ e mm e
L 001120 — 10,0103] — 10,0008 0,000 uusy 6008d 0T
495k 0w0zsi| — | 003260 — [ 0,0500 0,0413 0,044k 60450 0,0469

Table 5. Valuocs ol vlie reaclion rate constants caleulsied according to sormuias (1) and (2j;

=3
temperature 5:5°0.

] 3 ] =
T min. i 3 : 10 ! 15 20 ! 25 I 3G
Z | i :
) | 5 ooo j o o1 ; o om | L e . U . o=
T i -y : 9,10 ‘ 0,014 | dyx i I,UU Dy i
v I 3 H
‘ !
i : ] i
e ; 0,0226 . 00,6160 | 0,6132 . §,6119 .  0,06103 0,0104%
i : i : .
ks LG,0507 b 0,307 | 0,0512 0,0530 | 0,0547 . 0,0508

The activation energy is equal to the heat of reaction at a considera-

ble distance from the state of equilibrium (13)., 1In the temperature range
observed, the activation energy obtained is less than the heat of reaction
probably because the range in which the reaction occurs is close to the dif-
fusion range. Not enough data are available, however, to elucidate this
phenomenon completely.
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